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Although	 dysfunctional	 protein	 homeostasis	 (proteostasis)	 is	 a	 key	 factor	 in	many	
age-	related	diseases,	the	untargeted	identification	of	structurally	modified	proteins	
remains challenging. Peptide location fingerprinting is a proteomic analysis technique 









biomarker candidates in the dermis and 71 in the epidermis which were modified 
as a consequence of photoageing but did not differ significantly in relative abun-
dance	 (measured	by	MS1	 ion	 intensity).	By	applying	peptide	 location	fingerprinting	
to	published	MS	data	sets,	(identifying	biomarker	candidates	including	collagen	V	and	
versican	 in	ageing	 tendon)	we	demonstrate	 the	potential	of	 the	MPLF	webtool	 for	
biomarker discovery.
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1  |  INTRODUC TION
Loss	of	proteostasis	is	a	key	feature	of	many	age-	associated	diseases	
(Hipp	et	al.,	2019).	In	human	skin,	ageing	induces	remodelling	of	key	













cies	 (ROS)	 (Hibbert	 et	 al.,	 2019;	Sander	et	 al.,	 2002)	 and	elevated	
protease	activity	 (Brennan	et	al.,	2003).	 It	 is	not	known,	however,	
whether proteins are similarly modified as a consequence of ageing 




&	Gilchrest,	2001).	Due	 to	higher	protein	 turnover,	 it	 is	 likely	 that	
damage manifests primarily in the epidermis as changes in the ability 
of	cells	to	synthesise	functional	proteins	(Cho	et	al.,	2018).	Due	to	
the	biological	complexity	of	skin	and	these	varied	mechanisms,	the	
photoageing process creates a spectrum of modifications to proteins 
which are challenging to track using a single methodology. It is there-
fore necessary to develop novel methods for the identification of 
these proteins.
The characterisation of tissue proteostasis and discovery of 
novel ageing biomarker candidates is crucial for deciphering the 
effects of ageing and for the identification of new therapeu-
tic	 targets	 (Johnson	 et	 al.,	 2020).	 Label-	free	 proteomic	 liquid	
chromatography–	tandem	 mass	 spectrometry	 (LC-	MS/MS)	 is	 a	
powerful analytical technique used traditionally for the identifica-
tion	and	relative	quantification	of	proteins	within	complex	tissue	
extracts.	The	technique	has	enabled	the	identification	of	disease	
and ageing biomarkers based on their relative abundance (Newton 
et	al.,	2019);	however,	 the	detection	of	abundance-	independent,	
modification-	associated	 biomarkers	 in	 complex	 protein	mixtures	
remains challenging.
Mass	spectrometry	analysis	of	post-	translational	modifications	
is	 predominantly	 tailored	 towards	 residue	 specificity,	 (e.g.	 phos-
phorylation	and	methylation)	which	is	well	suited	to	the	study	of	
intracellular	signalling	and	metabolism	(Ke	et	al.,	2016).	However,	
this	 level	 of	 site-	specific	 analysis	 in	 unsuitable	 for	 photoageing	
and	 ageing	 long-	lived	 ECM	proteins,	 since	 residues	 can	 be	 vari-
ably and sporadically modified across structures over time. In 
order to address the need for an approach capable of identifying 
proteins	with	these	intermittent	and	highly	variable	photoageing-	
related	modifications,	we	have	developed	the	Manchester	Peptide	
Location	 Fingerprinter	 (MPLF)	 webtool	 which	 can	 detect	 aver-
age changes in peptide yield along protein structures (Eckersley 
et	al.,	2018,	2020).	MPLF	is	an	LC-	MS/MS	proteomic	analysis	tool	
which implements peptide location fingerprinting in which tryptic 
peptide spectral counts are mapped to protein regions (specified 
by	 the	 user,	 or	 as	 defined	 in	 the	UniProt	 database	 (Consortium,	
2016)),	relatively	quantified	per	region	and	statistically	tested	be-
tween	groups	(Figure	1).




differing	 solubilities,	 stabilities	 and	 structure-	related	 enzyme	
susceptibilities.	 We	 have	 previously	 shown	 that	 the	 digestibil-
ity of structural regions within proteins varies between tissues 
(Eckersley	 et	 al.,	 2018)	 and	 as	 a	 result	 of	 UVR-	induced	 damage	
(Eckersley	 et	 al.,	 2020).	 Therefore,	 by	 mapping	 and	 quantifying	
peptides	 within	 specific	 protein	 regions,	 peptide	 location	 fin-
gerprinting enables the detection of statistically robust regional 
differences as a consequence of modifications to protein struc-
ture	(though	not	the	specific	modification	site).	This	is	particularly	
true	 for	 the	 highly	 insoluble	 ECM	 proteins	 and	 supramolecular	
assemblies.
In a proof of concept study using peptide location fingerprint-
ing,	 we	 have	 previously	 shown	 in vitro that regional changes in 
3°/4°	 structures	 by	 UVR-	induced	 damage	 modifications	 to	 pro-
tein	can	be	detected	in	cell-	derived	suspensions	of	isolated	ECM	





specific,	 structural	 differences	 in	 proteins	within	 human	 epider-
mal	and	dermal	proteomes.	In	addition	to	this,	MPLF	was	further	
used to analyse a previously published human ageing tendon data 
set	 (Hakimi	 et	 al.,	 2017)	 demonstrating	 the	webtool's	 capability	
in	 evaluating	 existing	 LC-	MS/MS	data.	 This	 enables	 the	 identifi-
cation of potentially novel biomarkers and pathways which are 
independent of protein abundance when compared to traditional 
relative	quantification	by	proteomic	MS.
2  |  RESULTS AND DISCUSSION
2.1  |  Peptide location fingerprinting reveals 
regional fluctuations in peptide yield within the 












a clear separation of forearm and buttock data into distinct clusters 
(Figure	S3)	highlighting	the	global	difference	between	photoaged	and	
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intrinsically aged skin. Peptide location fingerprinting was then applied 
using	the	MPLF	webtool.	Proteins	were	segmented	into	50	amino	acid	









dardised the size of these regions for comparison across all proteins 
and	3)	was	sufficiently	large	to	achieve	a	peptide	count	high	enough	
for	 accurate	 statistical	 comparison	within	proteins,	with	 sufficient	
peptide	coverage,	but	small	enough	 to	 resolve	changes	across	 the	
structures of small proteins.
Using	 the	MPLF	webtool,	 peptide	 location	 fingerprinting	 iden-
tified 657 protein regions in dermis and 642 regions in epidermis 
(corresponding	to	375	and	336	proteins,	respectively)	which	had	sig-
nificant fluctuations in peptide yield between forearm and buttock 
samples	(Figure	2).	Of	these	protein	regions,	337	for	dermis	and	327	
for epidermis were least susceptible to intragroup variation (Tables 
S3	and	S4)	and	therefore	most	photoageing-	specific	(corresponding	
to	219	and	194	proteins,	respectively)	(Figure	2).	Lastly,	to	identify	
regional differences that are most independent from protein pres-
ence,	proteins	which	were	present	in	only	forearm	or	buttock	group	
were discounted. This left a total of 251 regions within 174 proteins 
in	dermis	(Table	S5)	and	235	regions	within	146	proteins	in	epidermis	
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(Table	S6)	to	be	considered	as	biomarker	candidates	susceptible	to	
photoageing-	related	modifications	(Figure	2).




keratins	 (K)-	2	 and	−10,	desmoplakin	 and	heat	 shock	protein	 (HSP)	
70 from the epidermis. The differences in peptide yield within the 








protein function in vivo.
The	collagen	VI	microfibril	 is	 an	ECM	supramolecular	assem-
bly	of	heterotrimeric	molecules	comprised	of	alpha-	1,	alpha-	2	and	
alpha-	3	chains,	with	 the	alpha-	3	chain	being	 the	 largest	 (Cescon	
F I G U R E  2 Identification	of	
photoageing-	modified	biomarker	
candidates in human skin by filtering 
significant regional differences detected 
using	the	MPLF	webtool.	MPLF	was	
applied to dermal and epidermal data 
sets	to	identify	50	aa-	sized	protein	
regions with significant differences in 
peptide yield between forearm and 
buttock	samples.	Once	identified,	
significantly different regions were tested 
for	intragroup	variation	(Tables	S3	and	
S4).	Regions	which	exhibited	significant	
intragroup variation and proteins which 
were only present in one group (forearm 
or	buttock)	were	excluded	to	leave	
only	those	which	were	photoageing-	
specific. The remaining regions and their 
respective proteins were considered as 
indicators	of	structural	modification,	and	
therefore as new biomarker candidates of 
photoageing
F I G U R E  3 Exemplar	skin	biomarker	candidates	exhibit	regional	differences	in	peptide	yield	due	to	photoageing-	specific	modifications.	
Proteins	were	segmented	into	50	aa-	sized	step	regions	with	average	peptide	counts	(PSMs;	N	=	7)	heat	mapped	to	each	step	and	compared	
between	forearm	and	buttock	(bar	graphs	=	average	PSMs,	error	bars	=	SD).	Average	peptide	counts	corresponding	to	each	forearm	protein	
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et	 al.,	 2015).	 Although	 previous	 histological	 analysis	 of	 photo-
aged	 skin	 showed	 no	 gross	 changes	 to	 collagen	 VI	 architecture	
(Watson	 et	 al.,	 2001),	 we	 recently	 demonstrated	 using	 peptide	
location	fingerprinting	that	the	alpha-	3	chain	was	structurally	sus-
ceptible	 to	 physiological	 doses	 of	 UVR	 in vitro	 (Eckersley	 et	 al.,	
2020).	As	these	ECM	assemblies	are	long-	lived,	here	we	show	ev-
idence	 for	 the	 first	 time	 that	 the	 alpha-	3	 chain	 is	 susceptible	 to	
photoageing-	dependent	 modifications	 in vivo	 (Figure	 3a).	 These	
regional	peptide	yield	differences	were	located	within	N-	terminal	
vWF-	A	domains	and	the	collagenous	region	(Figure	S5).	Fibulin-	1	













cation by photoageing which may impair functionality within re-
gions	(Figure	3c)	corresponding	to	three	of	its	leucine-	rich	repeats	
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(Figure	 S5).	Although	 reductions	 in	 epidermal	 galectin-	7	 expres-




structural modifications evidenced by peptide yield differences 
(Figure	 3e,f)	 within	 the	 coil	 domains	 (Figure	 S5).	 Both	 proteins	




K10	has	not	been	demonstrated	in vivo. Epidermal cells rely on des-
mosomal	desmoplakin	to	mediate	adhesion	(Vasioukhin	et	al.,	2001).	




are molecular chaperones and crucial regulators of cell proteostasis 
(Fernández	et	al.,	2017).	Two	50	aa	 regions	 in	HSP701A	exhibited	
differences	 in	 peptide	 yield	 (Figure	 3h),	 one	 of	 which	 lies	 within	




2013).	 However,	 this	 is	 the	 first	 demonstration	 of	 photoageing-	
dependent	alterations	to	HSP70.
Peptide location fingerprinting successfully enabled the identi-
fication of local differences within protein regions revealing a panel 
of	 biomarker	 candidates	 with	 photoageing-	specific	 modifications.	
These	 may	 impact	 the	 functionality	 of	 skin,	 influencing	 multiple	
mechanisms	of	 damage	 and,	 ultimately,	 skin	 homeostasis.	 For	 this	
reason,	it	is	important	to	next	consider	these	pathway-	level	changes.
2.2  |  Pathway analysis of skin proteins with 
photoageing- specific modifications to structure 
highlights ECM organisation, protein synthesis, 
keratinisation and hemidesmosome assembly as 
some of the networks most affected
Classification analysis of proteins with significant differences in 
regional	 peptide	 yield	 highlighted	 ECM	 components	 as	 the	 most	
affected	 protein	 class	 in	 the	 dermis	 (Figure	 4a).	 Common	 to	 both	
dermis	and	epidermis	 (Figure	4b),	cytoskeletal	proteins	(top	in	epi-
dermis)	and	metabolite	 interconversion	enzymes	were	also	among	
the top four classes most affected by photoageing. Protein activity 
modulators	were	confined	to	the	dermis	and	translation	and	DNA-	/
RNA-	binding	proteins	were	classes	exclusive	to	the	epidermis.
To further investigate the potential consequences induced by 
the functional decline of these photoageing biomarker candidates 
in	 skin,	 enrichment	 (overrepresentation)	 analysis	 was	 performed	
using	Reactome	(Fabregat	et	al.,	2018)	to	derive	the	pathways	most	
likely	 to	 be	 significantly	 affected	 (Table	 1;	 Full	 lists	 –	 Tables	 S7).	
The	 pathways	most	 enriched	 in	 the	 dermis	 included	 ECM	organi-
sation (particularly proteoglycan activity and collagen assembly/





mulate	 damage	 due	 to	 chronic	UVR	 exposure,	 leading	 to	 changes	
in	molecular	abundance	and	function,	ultimately	contributing	to	the	
photoageing	 phenotype	 (Naylor	 et	 al.,	 2011).	 The	majority	 of	 ev-
idence for this is based on histological differences in elastic fibre 
(fibrillin-	1	and	elastin)	and	 fibrillar	collagen	architecture	and	abun-
dance	 (Talwar	et	al.,	1995;	Watson	et	al.,	1999).	Although	peptide	
location fingerprinting did identify significant differences in the 






numerous,	 potentially	 novel	 ECM	 biomarker	 candidates	 meriting	
further	study	(Figure	4a),	whose	measured	regions	were	not	suscep-









the identified collagen alpha chains interact directly with a range of 
proteins	 and	glycosaminoglycans	 (GAGs)	 (see	network:	Figure	S6).	
These	 include	heparin,	whose	 interaction	with	collagen	VI	alpha-	3	
can	regulate	the	proliferation	of	mesenchymal	cells	(Atkinson	et	al.,	
1996),	 and	 lysyl	 oxidase,	 a	 cross-	linking	 enzyme	 crucial	 for	 ECM	
deposition	 (Xiao	&	Ge,	2012).	The	 functional	 impairment	of	 these	
collagen	remodelling	pathways	may	partly	explain	the	loss	of	fibrillar	
collagens observed histologically in photoageing.





lesterol	within	 the	arterial	wall)	 is	associated	with	 the	progression	






proteoglycan biomarker candidates also interact with a variety of 
biomolecules	 (see	 network	 –	 Figure	 S7)	 including	 hyaluronic	 acid,	
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mediated protein folding was also identified as a potential pathway 
most affected by photoageing in the dermis. This is primarily as a 




5	 –	 10%	 of	 the	 entire	 proteome	 (Yam	 et	 al.,	 2008),	 the	 potential	
dysfunction	of	six	out	of	its	eight	subunits	may	have	wide	implica-
tions on protein folding in the dermis. CCTs interact with a myriad 
of	proteins	(see	network:	Figure	S8)	including	biomarker	candidates	






within	 the	 epidermis	 from	 barrier	 function	 integrity	 (Salas	 et	 al.,	
2016)	to	keratinocyte	differentiation	and	proliferation	(Alam	et	al.,	
2011).	The	 identification	of	a	global	 change	within	 the	keratin	 su-
perfamily is indicative of a wider functional decline of these crucial 
processes.	 In	 addition	 to	 keratins,	 involucrin	 and	 the	 cross-	linking	
keratinocyte	transglutaminase	(TGM),	both	of	which	are	also	instru-
mental	to	the	process	of	cornification,	and	loricrin,	which	comprises	
TA B L E  1 Fifteen	of	the	most	significant	Reactome	pathways	derived	by	enrichment	analysis	of	photoageing	biomarker	candidates	
identified	in	skin	by	peptide	location	fingerprinting	(selected	from	the	top	25)
Dermis Pathway name Entities found Entities FDR
1 Extracellular	matrix	organization 27 1.50E−13
2 Integrin cell surface interactions 10 1.46E−09
3 Neutrophil degranulation 26 1.46E−09
4 Assembly	of	collagen	fibrils	and	other	multimeric	structures 12 5.61E−09
5 ECM	proteoglycans 13 4.88E−08
6 Formation	of	tubulin	folding	intermediates	by	CCT/TriC 8 7.70E−08
7 Prefoldin mediated transfer of substrate to CCT/TriC 8 1.17E−07
8 Defective	CFTR	causes	cystic	fibrosis 4 5.98E−07
9 Immune	System 56 5.98E−07
10 Chaperonin-	mediated	protein	folding 11 5.98E−07
11 Collagen degradation 9 5.98E−07
12 Collagen formation 13 1.10E−06
13 ABC	transporter	disorders 4 1.30E−06
14 Platelet degranulation 10 1.82E−06
15 Degradation	of	the	extracellular	matrix 13 2.20E−06
Epidermis Pathway name Entities found Entities FDR
1 Formation	of	the	cornified	envelope 18 2.25E−10
2 Neutrophil degranulation 22 1.12E−08
3 Keratinization 18 1.39E−08
4 L13a-	mediated	silencing	of	Ceruloplasmin	expression 12 6.99E−08
5 Formation	of	a	pool	of	free	40S	subunits 11 2.72E−07
6 SRP-	dependent	cotranslational	protein	targeting	to	membrane 11 5.09E−07
7 GTP	hydrolysis	and	joining	of	the	60S	ribosomal	subunit 12 1.13E−06
8 Eukaryotic Translation 12 2.89E−06
9 Selenocysteine	synthesis 10 2.91E−06
10 Peptide chain elongation 10 9.78E−06
11 Regulation	of	expression	of	SLITs	and	ROBOs 13 1.04E−05
12 Cap-	dependent	Translation	Initiation 12 2.94E−05
13 Selenoamino	acid	metabolism 11 2.94E−05
14 Nonsense-	Mediated	Decay	(NMD) 10 2.07E−04
15 Type I hemidesmosome assembly 5 4.39E−04
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70%	 of	 the	 cornified	 envelope,	 were	 all	 identified	 as	 structurally	
modified. These also interact with the keratins within the wider 
cornification	network	(Figure	S9).
Hemidesmosomes	 are	 adhesion	 complexes	 that	 anchor	 basal	
keratinocytes to the basement membrane at the dermal– epidermal 
junction. Their assembly was also among the pathways most en-
riched	in	epidermis,	primarily	due	to	the	critical	interactions	between	
plectin and integrin α6β4	(ITA6	and	ITB4)	(see	network:	Figure	S10).	




Therefore,	 photoaging-	dependent	 changes	 in	 the	 structure	 of	 the	
plectin-	integrin	α6β4	complex	may	also	have	similar	implications.
Epidermal peptide location fingerprinting revealed 10 ribo-
somal	 proteins	 affected	 by	 photoageing	 (Figure	 4b,	 brown	 pie	
chart)	 resulting	 in	 the	 enrichment	 of	 several	 protein	 synthesis	
pathways	(Table	1)	including	protein	translation	and	peptide	chain	
elongation which may be functionally perturbed. The deteriora-
tion of ribosome abundance and function during ageing has been 
shown	 previously	 in	mice	 (Nakazawa	 et	 al.,	 1984).	 In	 our	 study,	
ribosomal biomarker candidates interact directly with a number 
of	transcription	factors	(see	network:	Figure	S11)	including	c-	Jun	
which	is	fundamental	to	cell	proliferation,	survival	and	cycle	pro-




dicating a possible role in cell repair mechanisms.
2.3  |  Peptide location fingerprinting reveals 
biomarker candidates of photoageing which are not 
identified by conventional relative quantification of 
protein abundance
In addition to regional protease susceptibility using peptide location 
fingerprinting,	 protein	 abundance	was	 relatively	 quantified	within	
the	same	LC-	MS/MS	data	sets	by	MS1	peak	area	ion	intensity.	This	
was performed in order to identify biomarker candidates unique to 
both	 methodological	 approaches.	 A	 total	 of	 635	 dermal	 and	 926	






proteins as the top three classes whose relative abundance was af-
fected	in	forearm	skin	(Figure	S14).








26	MMPs	 (Murphy,	 2011).	One	 proposed	mechanism	 of	 photoag-
eing	 is	 that	 chronic	 sun	exposure	 to	 fibroblasts	 and	keratinocytes	
can	 lead	 to	 enhanced	MMP	 activity	 in	 skin	 (Sárdy,	 2009).	 The	 el-
evated	presence	of	TIMP3	 in	 forearm	dermis	 is	perhaps	 indicative	
of a heightened proteolytic environment and an attempt to mitigate 
UVR-	induced	remodelling.
Peptide location fingerprinting uniquely identified 120 protein 
biomarker	candidates	in	the	dermis	(Figure	5a;	Table	S10)	and	71	in	
the	epidermis	(Figure	5b;	Table	S11),	which	were	modified	as	a	con-
sequence of photoageing but did not differ significantly in relative 
abundance. This demonstrates that changes in protein abundance do 
not	necessarily	correlate	with	changes	related	to	protein	modification,	
particularly	in	ECM-	rich	tissues.	Of	these	unique	candidates,	thirteen	
were	 ECM-	associated	 proteins	 including	 four	 collagens,	 two	 elastic	
fibre-	binding	 proteins	 (LTBP4	 and	 nidogen-	2),	 three	 laminin	 chains	
and the proteoglycan versican. Protein classification analysis ranked 
ECM	proteins	as	the	most	affected	class	in	the	dermis	for	structural	
modifications	 (Figure	 4),	 but	 not	 for	 changes	 in	 relative	 abundance	
(Figure	 S14).	 In	 epidermis,	 peptide	 location	 fingerprinting	 also	 suc-
cessfully	 identified	photoageing	modifications	 in	numerous	keratins,	
serpins and ribosomal proteins which did not significantly differ in 
abundance.
To	 test	 whether	 structure-	associated	 differences	 in	 proteins	
correlate	with	differences	in	relative	abundance,	p-	values	of	relative	
abundance	differences	(measured	by	MS1	intensity)	of	proteins	iden-
tified with modifications (measured by peptide location fingerprint-
ing)	 were	 compared	 between	 epidermis	 and	 dermis	 (Figure	 5c,d).	
The proportion of proteins with both significant modifications and 
also significant differences in relative abundance was higher in epi-
dermis than in the dermis. This observation may be reflective of the 
higher	 protein	 turnover	 in	 the	 epidermis	 compared	 to	 the	dermis,	
further highlighting the potential of peptide location fingerprinting 
in	elucidating	biomarker	candidates	of	chronic	disease,	particularly	
in	ECM-	rich	connective	tissue.
2.4  |  The MPLF webtool can be readily applied 
to existing LC- MS/MS data sets to reveal previously 
undiscovered ageing biomarker candidates
To showcase that peptide location fingerprinting can be used as a 
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Peptide location fingerprinting on this data set identified 54 
regions with significant differences in peptide yield between aged 
and young male tendon corresponding to 31 proteins with possible 
modifications	 to	 structure	 (Table	S12)	Of	 these,	 lamin-	A,	 albumin,	
tenascin-	X	and	CILP2	are	displayed	(Figure	6a–	d).
In	 common	 with	 those	 identified	 by	 Hakimi	 et	 al.,	 (2017)	 by	
relative	 quantification,	 peptide	 location	 fingerprinting	 identified	
F I G U R E  5 Peptide	location	fingerprinting	identifies	unique	modification-	specific	skin	biomarker	candidates	of	photoageing	which	
were	not	identified	by	whole	protein	relative	quantification.	Venn	diagrams	compare	the	number	photoageing-	modified	protein	biomarker	











differences in abundance (median p-	value	=	0.01).	For	the	dermis,	however,	a	smaller	proportion	of	proteins	identified	with	modification-	
associated differences are positioned above the p = 0.05 line suggesting that these differences appear to correlate less with abundance 
(median p-	value	=	0.04).
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collagen	I	alpha-	1,	collagen	VI	alpha	2,	fibrillin-	1,	LTBP2,	complement	
and	 CILP2	 as	 modification-	specific	 candidates	 of	 tendon	 ageing.	
However,	 a	 number	 of	 newly	 identified	 biomarker	 candidates	 ex-




The application of peptide location fingerprinting to previously 
published human tendon data highlights the wider impact of this 
approach as a novel surveying tool capable of enhancing biomarker 




from photoaged forearm and intrinsically aged buttock skin ena-
bled	the	identification	of	proteins	with	structure-	associated	modi-
fications	specific	 to	chronic	sun	exposure.	As	well	as	a	biomarker	
discovery	 tool,	we	 demonstrated	 that	 this	 approach	 can	 be	 used	
to investigate local molecular differences in peptide yield within 
structural	 regions	 of	 proteins	 in	 complex,	 whole	 tissue	 lysates.	
Crucially,	peptide	location	fingerprinting	revealed	novel	biomarker	
candidates of photoageing which remain undetectable by conven-
tional	 relative	 quantification,	 in	 particularly	 for	 long-	lived	 ECM	
proteins.
Through	 the	 use	 of	 the	 MPLF	 webtool,	 peptide	 location	 fin-
gerprinting	 can	be	applied	 to	 any	LC-	MS/MS	data	 set	 suitable	 for	
data-	dependent	acquisition.	As	 such,	a	combinational	approach	of	
both peptide location fingerprinting and relative protein quantifica-
tion enables a more complete assessment of tissue proteostasis as 
a consequence of chronic disease and creates a powerful tool for 
biomarker discovery.
4  |  MATERIAL S AND METHODS
For	 methods	 on	 tissue	 histology,	 staining	 and	 imaging,	 Western	
blotting	and	label-	free	quantification	of	protein	using	Progenesis	QI,	
please	see	Appendix	S1.
4.1  |  Human tissue and materials
Chemicals	were	sourced	from	Sigma-	Aldrich	(Poole,	UK)	unless	oth-
erwise stated. Human skin was collected from aged donors (N	=	7,	
mean	 age	 =	 70	 years,	 range	 =	 62–	79	 years,	 3	 males;	 Fitzpatrick	
skin	 phototype	 I-	III)	 with	 informed	 and	 written	 consent	 follow-
ing	 approval	 from	 The	 University	 of	Manchester	 Research	 Ethics	
Committee	 (ref:	 UREC	 15464).	 Samples	 were	 bisected	 and	 snap-	
frozen	for	LC-	MS/MS	and	histology.
4.2  |  Sample preparation for mass spectrometry











the	 relative	 simplicity	of	 these	proteomes.	However,	 the	high	 com-
plexity	and	protein	diversity	of	tissue	proteomes	meant	that	elastase	












Advance,	NY,	USA).	 The	 epidermis	was	 homogenised	 in	 8	M	urea	








with	 ethyl	 acetate.	 Peptides	were	 then	 desalted	 using	OLIGO	 R3	
ReversedPhase	Resin	(Thermo),	vacuum	dried	and	re-	suspended	in	
5%	acetonitrile	(ACN)	prior	to	LC-	MS/MS	analysis	(~10	μg	injections).
4.3  |  Mass spectrometry
Peptide	mixtures	were	analysed	by	LC-	MS/MS	using	an	UltiMate® 
3000	 Rapid	 Separation	 Liquid	 Chromatography	 system	 (Dionex,	
CA,	USA)	coupled	to	a	Q	Exactive	HF	mass	spectrometer	(Thermo).	
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species— Homo sapiens;	 enzyme—	trypsin;	 peptide	 charge—	2+	 and	
3+;	max	missed	cleavages—	2;	fixed	modifications—	carbamidomethyl	
(mass:	 57.02	 Da;	 aa:	 C);	 variable	 modification—	oxidation	 (mass:	





scoring.	 Data	 were	 filtered	 to	 report	 peptides	 exclusive	 to	 their	
matched proteins. Peptide probability was thresholded to 95% min-
imum	 giving	 a	 low	 peptide	 false	 discovery	 rate	 (FDR)	 of	 0.5%	 for	
epidermis	samples	and	0.6%	for	dermis.	Peptide	FDR	was	calculated	




ported into the webtool.
4.5  |  Peptide location fingerprinting using the 
Manchester peptide location fingerprinting webtool
The	MPLF	webtool	 is	 a	 publicly	 available	 LC-	MS/MS	analysis	 tool	
developed	 in-	house,	 integrated	within	our	published	database:	the	
Manchester	Proteome	(Hibbert	et	al.,	2018),	which	performs	high-	





version 3.8. The back end is powered by Python Django 3.8 frame-
work	 and	by	mySQL	8,	 and	 the	 front	 end	operates	REACTjs	with	
Redux	state	management.
The	 concept	 of	 peptide	 location	 fingerprinting	 by	 the	MPLF	
webtool	 was	 designed	 using	 both	 LC-	MS/MS	 spectral	 counting	
data	and	MS1	peak	area	ion	intensity;	however,	for	this	study,	we	
used	 spectral	 count	 instead	of	MS1	 intensity.	A	 cornified,	ECM-	
rich	and	aged	organ	such	as	skin	gives	very	complex	MS1	 inten-
sities resulting in multiple signals from the same peptide. This is 
because	long-	lived	proteins	contain	a	highly	complicated	array	of	
modifications (e.g. the high abundance of collagen proline modi-
fications)	which	lead	to	changes	in	mass	and	differences	in	shape	
resulting in the same peptide eluting at multiple retention times on 
the	liquid	chromatography	column,	hence	introducing	noise.	At	the	
MS1	level,	this	is	challenging	to	filter	out	from	these	data	sets	and	
interferes	with	 the	meaning	 of	 the	 results.	 Spectral	 count	 deals	
with	multiple	 instances	 of	 peptides	 very	well	 since,	 rather	 than	
summing a large number of intensity values which vary heavily for 
the	same	peptide,	we	are	 instead	summing	 individual	counts.	As	
a	 result,	 spectral	 counting	 smoothens	 the	 data	 and	 is	 therefore	




us the best answer to our biological question.













schematics of each protein. Peptide sequences which spanned two 
adjacent	regions	were	counted	within	both.	Average	PSM	counts	
corresponding to 50 aa number step sizes within protein structures 
of	one	group	 (buttock)	were	 then	subtracted	 from	the	counts	of	
their	 corresponding	 step	 sizes	 in	 the	 other	 group	 (forearm)	 and	
divided	 by	 each	 step's	 aa	 length	 to	 show	 regional	 differences	 in	
peptide	yield.	PSM	counts	corresponding	to	each	aa	step	size	were	
statistically compared between buttock and forearm groups using 
Bonferroni-	corrected,	repeated	measures	paired	ANOVA.
4.6  |  Pathway enrichment and network analysis
Pathway enrichment analysis was performed using Reactome 
(Fabregat	 et	 al.,	 2018).	 The	 database	 was	 queried	 using	 separate	
lists	 of	 epidermal	 and	 dermal	 biomarker	 candidate	 UniProt	 IDs	
(Consortium,	 2016)	 and	 expanded	 to	 including	 IntAct	 database-	
derived	 interactors.	 An	 overrepresentation	 analysis,	 corrected	 for	
FDR	using	the	Benjamani–	Hochberg	method,	was	then	performed	




experimentally	 identified	 interaction	 networks.	MatrixDB	 (Launay	
et	al.,	2015)	was	used	to	derive	ECM	proteins	interactions	and	IntAct	
(Orchard	et	al.,	2014)	 for	all	others.	These	were	 then	downloaded	
and visualised using Cytoscape 3.4.0.




of	 the	University	 of	Manchester	 research	 IT	 team	 in	 particular	A.	
Gilchrist	in	hosting	the	MPLF	webtool.
















JS	 contributed	 to	 the	 conceptualisation	 of	 intragroup	 variation	
testing.	All	authors	contributed	to	editing	of	the	paper.
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